Abstract. We identified a novel human gene, NOC4 (Neighbor Of COX4), located 5Ј to COX4, the gene for cytochrome c oxidase subunit IV, on Chr16q32-ter. Transcripts from this gene were identified among human expressed sequence tags. A full-length, 1.06-kb human retinal NOC4 cDNA encoded a 24-kDa, 210-amino acid hypothetical protein of unknown function. Northern hybridization analysis of human RNAs from various tissues detected NOC4 transcripts of 2.2 and 1.4 kb in all tissues examined, suggesting that NOC4 expression is ubiquitous. Transcription of both the COX4 and NOC4 genes initiates within a 250-bp intergenic promoter and occurs in opposite directions. The bidirectional promoter is G + C-rich, lacks TATA and CCAAT elements, and contains multiple potential binding sites for Sp1 and NRF-2/GABP. Two of the NRF-2/GABP sites are located within 14-bp direct repeats, a conserved feature of mammalian COX4 promoters. The NOC4 and COX4 genes are also linked in the rat, mouse, and bovine genomes. A NOC4-GFP fusion protein is located in both the nucleus and the cytoplasm, including the mitochondria.
Introduction
Cytochrome c oxidase (COX; EC 1.9.3.1) is a multisubunit complex that catalyzes the terminal redox reaction in the mitochondrial respiratory chain (Hatefi 1985) . The 13-polypeptide subunits of the mammalian enzyme are encoded by both nuclear and mitochondrial genes. The three largest subunits (I-III) are encoded in mitochondrial DNA (mtDNA), whereas the ten smaller subunits are encoded in the nucleus. The mitochondrial subunits carry out the electron transfer and proton pumping activities of the complex (Capaldi 1990; Tsukihara et al. 1995 Tsukihara et al. , 1996 . The exact function of the nuclear subunits is not known, but they are thought to be involved in the regulation and/or assembly of the enzyme complex (Kadenbach et al. 1987; Lomax and Grossman 1989; Poyton and McEwen 1996; Napiwotzki et al. 1997; Arnold and Kadenbach 1997; Grossman and Lomax 1997) . Recent X-ray crystallographic analysis of bovine heart COX confirmed the presence of all 13 subunits in the enzyme complex and demonstrated that many nuclear-encoded subunits are intimately associated with the mitochondrial subunits (Tsukihara et al. 1995 (Tsukihara et al. , 1996 .
During analysis of the promoter region of the human COX4 gene, we identified a novel gene, NOC4 (Neighbor Of COX4), that encodes a 24-kDa protein of unknown function. The NOC4 gene is positioned in a head-to-head orientation with the COX4 gene and is thus transcribed from the non-coding strand of the COX4 genomic region. The transcription start sites of the two genes are within 250 bp of each other, suggesting that the intergenic region comprises a bidirectional promoter.
Materials and methods
Oligonucleotide primers. Oligonucleotide primers were synthesized in the University of Michigan DNA Synthesis Facility or the Macromolecular Core Facility of Wayne State University. Primers for amplification of intron 4 of COX4 (GenBank AF005889) were: hCOX4-G 5Ј CTCGTTATCATGTGGCAGAAGCAC 3Ј(nt 7244 to 7267) PschIVL 5Ј CAGCATCTCTCACTTCTTCCACTC 3Ј (nt 8266 to 8283) hCOX4-int4L 5Ј ATCATGTGGCAGAAGCACTATGGT 3Ј (nt 7250 to 7233) hCOX4-int4R 5Ј GGGAGGGGGCCGTACACT 3Ј(nt 8142 to 8159) DNA probes and PCR. The human COX4 cDNA insert was isolated from plasmid pCOX4.111 (Zeviani et al. 1987) . Full-length NOC4 cDNAs from either adult human retina (I.M.A.G.E. Clone ID 219691; GenBank H80016) or mouse kidney (I.M.A.G.E. Clone ID 656449, GenBank AA244899) were from the I.M.A.G.E. Consortium (LLNL) (Lennon et al. 1996) . DNA fragments used as hybridization probes were isolated by electrophoresis and labeled with [␣- 32 P]dCTP (>3000 Ci/mmole) by the random primer labeling method (Feinberg and Vogelstein 1983) . We generated a probe to intron 4 of the human COX4 gene by two rounds of PCR amplification of human genomic DNA (500 ng; cell line 293), using nested primers. PCR was carried out with primers (3.5 pmoles each) corresponding to the ends of exon 4 (hCOX4-G) and exon 5 (PschIVL) in a 100-l reaction containing 10 mM Tris-HCl (pH 8.3), 10 mM KCl, 4 mM MgCl 2 , 0.2 mM each dNTP, and 10 units of AmpliTaq DNA polymerase, Stoffel fragment. Reactions were incubated at 94°C, 40 s; 63°C, 30 s, and 72°C, 5 min, for 5 cycles, then were annealed at 56°C for an additional 35 cycles. The gel-purified 1-kb PCR product was subjected to an additional round of PCR under similar conditions with nested internal primers that anchored to positions in exon/intron junctions (hCOX4-int4L and hCOX4-int4R).
DNA sequencing. The DNA sequence of exons 3, 4, and 5, and introns 3 and 4 of the COX4 gene was determined manually (CircumVent Thermal Cycle sequencing kit; New England Biolabs, Beverly, MA). The DNA sequence of the remaining regions of the COX4 gene and the NOC4 cDNAs was determined on duplex plasmid DNA by the University of Michigan DNA Sequencing Facility on an ABI model 373A automated DNA sequencer. DNA sequences were assembled with the ASSEMGEL program of PC/Gene (Intelligenetics, Campbell, Calif.) . Database searches were carried out with the FASTA program of Genetics Computer Group (GCG) software (Madison, Wis.) on a VAX III computer under VMS or with the BLAST search algorithm at NCBI. tions (Sambrook et al. 1989 ) with two probes, the entire 694-bp human COX4 cDNA and the intron 4 probe. Phage DNA was prepared (Ausubel et al. 1990 ) from two plaque-purified, positive clones. COX4 genomic regions were localized by restriction mapping and Southern hybridization with COX4 cDNA probes, subcloned into pGEM3Zf(+) (Promega, Madison, Wis.), and sequenced on both strands.
Northern analysis of NOC4 and COX4 mRNAs. A multi-tissue
Northern blot (Clontech) containing various human tissue poly(A) + RNAs (2 g) was probed with the 694-bp human liver COX4 cDNA, pCOX4.111, and the 1.06-kb EcoRI/HindIII insert from human retinal NOC4 cDNA. Labeled cDNA probes were separated from unincorporated nucleotides on a Bio-Spin 6 column (BioRad, Hercules, Calif.). The membrane was prehybridized for 30 min at 68°C in 5 ml ExpressHyb solution (Clontech). Equal molar amounts of COX4 (4 ng at 9.8 × 10 5 cpm/ng) and NOC4 (7 ng at 1.9 × 10 6 cpm/ng) cDNA probes were denatured with 100 g sheared denatured salmon sperm DNA by heating to 100°C for 5 min and were added to 5 ml fresh ExpressHyb solution. The membrane was hybridized in the ExpressHyb solution containing probes for 90 min at 68°C, then washed according to the supplier's instructions to a final stringency of 0.1 × SSC, 0.1% SDS at 50°C. The blot was exposed for 5 h at −80°C with intensifying screens. Relative levels of COX4 and NOC4 transcripts were determined by volume image analysis of a 40-min exposure with a BioRad Model GS-250 Phosphorimaging System with Molecular Analyst v1.4 software.
RNase protection assays.
A HindIII/PstI genomic fragment spanning the 5Ј end of COX4 and terminating at the PstI site in intron 1 (nt 1481; Fig. 2 ) was the template for synthesis of 32 P-labeled antisense RNA. A HincII/HindIII fragment (nt 625-2937; GenBank AF005889) spanning the 5Ј end of NOC4 was the template for synthesis of an antisense NOC4 RNA. Transcription reactions (800 ng of template) were incubated for 1 h at 37°C in a 20-l reaction consisting of 40 mM Tris-HCl (pH 7.9), 6 mM MgCl 2 , 2 mM spermidine-HCl, 10 mM DTT, 1 mM each of ATP, GTP, and UTP, 2.5 M CTP, 50 Ci [␣-32 P]CTP (∼800 Ci/mmole), 20 units of RNasin (Promega), and 25 units of T7 RNA polymerase (Life Technologies, Gaithersburg, MD), followed by 15 min at 37°C with 1 unit of RNase-free DNase (Promega) to remove DNA. RNA probes were heat denatured and purified by gel electrophoresis.
RNase protection assays were carried out with an RPA II kit (Ambion, Austin, Tex.). Total HeLa RNA (30 g) was ethanol precipitated with approximately 1 × 10 6 cpm of labeled antisense RNA, resuspended in 20 l of hybridization buffer (80% formamide/100 mM sodium citrate, pH 6.4/300 mM sodium acetate, pH 6.4/1 mM EDTA), denatured 4 min at 90°C, then annealed overnight at 45°C. Control reactions contained 10 g of yeast RNA in place of the HeLa RNA. RNA duplexes were digested with a mixture of RNases A and T1 (1:1000 dilution), incubated 30 min at 37°C, then precipitated at −20°C for at least 2 h. Pellets were resuspended in 95% formamide/0.025% each xylene cyanol and bromophenol blue/0.5 M EDTA/0.0025% SDS, heated 4 min at 90°C, and subjected to electrophoresis on a 6% acrylamide-7 M urea sequencing gel run 2 h at 60W.
Construction and localization of a NOC4-green fluorescent protein fusion.
A T3 primer and a BamHI adaptor primer based on the 3Ј end of the human retinal NOC4 cDNA (5ЈGGTGGATCCTTTTGCACAAGT-GTAGGACAGC) were used to amplify the 5Ј flanking and protein coding regions by PCR. Reactions were carried out as recommended by the supplier (Gibco-BRL, Gaithersburg, Md.) with 20 ng template DNA, 10 M each primer, 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl 2 for 30 cycles at 94°C 45 s, 55°C 45 s, 72°C 1 min 30 s. The PCR product was gel purified (Millipore Ultrafree MC filters), subcloned into pGEM-T (Promega) and sequenced. The 600-bp HindIII/BamHI fragment containing the 5Ј flanking and coding regions of NOC4 was then subcloned into the corresponding sites in the green fluorescent protein (GFP) vector derived from pcDNA3 (Invitrogen, Carlsbad, CA) and optimized for human codon usage (kindly provided by Brian Seed).
HeLa cells were seeded on glass cover slips and cultured at 37°C overnight prior to transfection. Transient transfection was performed with FuGENE 6 Transfection Reagent (Boehringer Mannheim, Indianapolis, IN) following the manufacturer's protocol. For each 35-mm petri dish, 1 g of NOC4-GFP DNA in 3 l FuGene 6 reagent was used. Cells were cultured for 48 h, followed by incubation in medium containing 1 mM MitoTracker Red CM-H2XRos (Molecular Probes, Eugene, OR) for 1 h. Cells on cover slips were washed subsequently in PBS, fixed with 2% paraformaldehyde in PBS for 5 min, washed again, and permeabilized in 0.1 M Tris-HCl (pH 7.7), 0.15 M NaCl, 1% BSA, 0.1% TX-100 (KB) at RT for 30 min. Nuclei were stained with 0.5 mg/ml DAPI for 10 min, washed in KB solution without TX-100, and mounted in 50% glycerol. Fluorescence was observed with a Zeiss laser scanning confocal microscope 310 equipped with a 63× oil lens.
Results
Isolation and characterization of the human COX4 gene. We isolated two clones containing the human COX4 gene by screening a genomic library with an intron 4 probe. Restriction mapping and Southern analysis with the human COX4 cDNA demonstrated that clone hCOX4 contained two restriction fragments characteristic of the human COX4 gene: a 5.8-kb EcoRI fragment previously mapped to Chr 16q22-qter (Lomax et al. 1990 ) and a 3.7-kb HindIII fragment containing the 5Ј end of the COX4 gene (Fig. 1) . The 5.8-kb EcoRI fragment contained the remainder of the COX4 gene: exons 2-5 plus the 3Ј flanking region (Fig. 1) . The COX4 gene thus spans approximately 7.4 kb. The location and size of the exons are similar to those of other mammalian COX4 genes from cow (Bachman 1995) , rat (Yamada et al. 1990; Virbasius and Scarpulla 1990) and mouse (Carter and Avadhani 1991) .
Identification of a novel overlapping gene, NOC4. FASTA searches of the GenBank/EMBL database with the presumptive COX4 promoter sequence showed high sequence identity to the 5Ј flanking regions of all COX4 genes; however, this search also identified several ESTs (expressed sequence tags; Adams et al. 1991 Adams et al. , 1995 derived from a different gene, named NOC4. There was sequence identity between the non-coding strand of the human COX4 genomic region and one EST from a human retina library, which began approximately 250 bp upstream of the human COX4 gene at nt 819 (Fig. 2) and extended for 350 bp to a 5Ј splice consensus (Ohshima and Gotoh 1987) at nt 472, consistent with the presence of an intron in an expressed gene. On the basis of Southern hybridization under moderately stringent conditions, NOC4 is a single-copy gene in humans (N.J. Bachman, M.I. Lomax, data not shown).
NOC4 encodes a novel 24-kDa protein.
The human retinal NOC4 cDNA was 1060 bp long with a 633-bp ORF (Fig. 3) encoding a 210-amino acid protein (molecular mass 24 kDa; pI ‫ס‬ 5.91). The predicted protein sequence contains a potential membranespanning region (amino acids 52-78); comparison with a database of membrane-spanning proteins (Hofmann and Stoffel 1993) suggests that the N-terminal region (1-51) lies outside this hypothetical domain. A full-length 1025-bp NOC4 cDNA from mouse kidney (not shown) encodes a 207-amino acid protein (Fig. 3) . The size of the predicted protein (23 kDa; pI ‫ס‬ 5.60) differs from the human owing to a 9-bp deletion in the 5Ј coding region of the mouse sequence. Database searching yielded no significant homology of the derived NOC4 proteins to known proteins.
NOC4 is widely expressed.
Northern hybridization analysis with the human retinal NOC4 cDNA detected NOC4 transcripts in poly(A) + RNAs from all adult human tissues tested (Fig. 4) . Two transcripts, 2.2 kb and 1.4 kb, were seen in all tissues (Fig. 4A) . The size of the smaller transcript is consistent with the size of the NOC4 retinal cDNA (1.06 kb) if we assume a 300-residue poly(A) tail. However, the structural basis for the two different transcripts is unknown. Database searches with the human NOC4 cDNA sequence identified a large family of human ESTs derived from a variety of tissues and cell lines. Thus, NOC4, like COX4, appears to be widely expressed.
COX4 and NOC4 expression varies concordantly in different tissues.
To assess the relative abundance of COX4 transcripts compared with those for NOC4, we probed a Northern blot of human tissues with a mixture of COX4 and NOC4 cDNAs. COX4 displayed 4-to 12-fold higher mRNA levels in each tissue than the levels of both NOC4 transcripts combined when the probes were corrected to equal specific activities (Fig. 4B) . Although the level of COX4 mRNA was always higher than that of NOC4, the relative levels varied in a concordant manner. Levels of COX4 and of both NOC4 transcripts were highest in pancreas, showed moderate levels in heart, placenta, and skeletal muscle, and were lowest in liver (Fig. 4B) .
The COX4/NOC4 intergenic region is a bidirectional promoter. The 5Ј ends of the human COX4 and NOC4 genes were mapped by RNase protection (Figs. 2 and 5) . Three protected bands of 157, 153 (major band), and 149 nt were identified for COX4, and a single protected band of 151 nt was identified for NOC4 (Fig. 5) . These results placed the major transcription start site for COX4 at approximately 153 nt upstream of the exon 1/intron 1 junction, and for NOC4 at about 74 nt upstream of the ATG start codon (Fig. 2, *) . On the basis of these results, transcripts of (Fig. 1) , and extends to the EcoRI site (nt 2473) in intron 1 (Fig. 1) . The sequence of the NOC4 and COX4 5Ј flanking regions plus COX4 exons 1-3 and part of exon 5 (GenBank AF005889) was determined from subclones of hCOX4; the sequence of exons 3-5 was obtained from three independent subclones of two different PCR products of human genomic DNA. COX4 and NOC4 exons are in upper case, introns and flanking regions in lower case. The sequences of the amino terminus of the NOC4 protein (written in reverse orientation, from COOH → NH 2 ) is presented in the three-letter amino acid code below the nucleotide sequence. Restriction enzyme cleavage sites and consensus elements for binding by the transcription factor Sp1 (Kadonaga et al. 1986 ), NRF-2/GABP (Karim et al. 1990; Virbasius et al. 1993) , and ATF/CREB (Montminy et al. 1986 ) are underlined. NRF-2 sites present in tandem 14-bp direct repeats in the promoter region and a 15-bp region (region I) conserved in human and bovine promoters are labeled in bold type. Leftward (〈|) and rightward (|〉) arrows indicate the 5Ј ends of the longest available cDNAs for NOC4 and COX4, respectively. The sequence of the COX4 gene and cDNA were identical except for a G/A polymorphism at position 1150 in the 5Ј UTR and a discrepancy of 11-bp at the 5Ј end of the COX4 cDNA. Two adult brain ESTs (GenBank H49136 and H52746) showed nearly complete identity with the COX4 genomic region beginning at position 1066. Transcription start sites mapped by RNase protections are marked with asterisks (*).
the two genes do not overlap. Each gene is transcribed from a separate strand of DNA and in the opposite orientation. They likely share promoter elements owing to the proximity of their transcription start sites (within 240 bp).
The 5Ј flanking region of the human COX4 gene, like the analogous region in the previously characterized mammalian COX4 genes, is G + C rich (72% G + C in the COX4/NOC4 intergenic region, nt 819-1066), lacks TATA and CCAAT consensus elements, and contains multiple putative binding sites for the ets-domain transcription factor NRF-2/GABP (Karim et al. 1990; Virbasius and Scarpulla 1991; Carter et al. 1992 ) and Sp1 (Kadonaga et al. 1986 ; Fig. 2 ), but not NRF-1 (Evans and Scarpulla 1991) .
Despite strong intragenic similarity among coding regions of mammalian COX4 and NOC4 genes, the sequence of the ∼250 bp region separating the genes has evolved significantly. Nevertheless, a few short sequence elements have been evolutionarily conserved (Fig. 6 ). All mammalian COX4 promoters contain direct repeats with binding sites for NRF-2/GABP (Fig. 6) . Two sites for NRF-2 are located within two 14-bp direct repeats at −74 to −61 and −48 to −35 upstream of the start site for transcription in the human gene. Human and bovine (Bachman 1995) COX4 promoters contain longer direct repeats (14 and 13 bp, respectively) than do rat (Virbasius and Scarpulla 1991) and mouse (Carter et al. 1992) promoters (11 and 9 bp). Functional analysis of rat and mouse COX4 genes has shown that the NRF-2 sites in the direct repeats are essential for maximal expression. A single consensus ATF/CREB site (Montminy et al. 1986 ) was located in intron 1 of the human COX4 gene. Consensus ATF/CREB binding sites are 4 . Northern blot analysis of COX4 and NOC4 transcripts in human tissues. Tissue abbreviations are: Pa, pancreas; K, kidney; M, skeletal muscle; Li, liver; Lu, lung; Pl, placenta; B, brain; H, heart. Sizes of NOC4 transcripts were interpolated from RNA size markers (Clontech). A. Hybridization to the human retinal NOC4 cDNA. The 2.2-and 1.4-kb transcripts are indicated. B. Hybridization to both human retinal NOC4 and liver COX4 cDNAs. The two largest transcripts correspond to the 2.2-and 1.4-kb transcripts of NOC4; the 0.7-kb transcript (Zeviani et al. 1987 ) is from COX4. 1D ) were prepared as described in Materials and methods and annealed to 30 g HeLa RNA (H) or 10 g control yeast RNA (C), digested with RNases A + T1 and fractionated on a 6% acrylamide-7 M urea sequencing gel. The antisense transcript for COX4 was 706 nt and for NOC4 was 425 nt (Fig. 1) . Lanes 1 and 2, COX4 probe; lanes 3 and 4, NOC4 probe. Size markers: A, C, G, T, dideoxy sequencing reactions of M13mp18; M, RNA Century Markers (Ambion). also found in intron 1 of bovine (Bachman 1995) and rodent (Gopalakrishnan and Scarpulla 1994) COX4 genes (Fig. 6) . In addition, a 15-bp element (TTTTACGACGTTCGC) identified from the alignment of the human and bovine COX4 promoters is precisely conserved just downstream of the direct repeats ( Fig. 6 ; nt 993-1007 in the human sequence).
Subcellular localization of NOC4 protein.
GFP fluorescence was observed in cells transfected with a NOC4-GFP fusion construct (Fig. 7, left panel, upper) , whereas no signal is seen in the nontransfected cells visible in the same panel (lower). Both transfected and nontransfected cells showed mitochondrial and nuclear staining (Fig. 7, center panel) . The NOC4-GFP signal (Fig. 7, right  panel) is concentrated in the nucleus and in the cytosol; the latter includes mitochondria, as shown by the co-occurrence of blue and green (as sky blue) in the nucleus and the co-occurrence of red and green (as yellow and orange) in the mitochondria. In addition, the NOC4-GFP signal is present in the non-mitochondrial cytoplasm.
Discussion
COX4 in humans is adjacent to and probably shares a promoter with an expressed gene termed NOC4. These genes are also closely linked in the cow, mouse, and rat. The human and bovine genes show 93% DNA sequence identity in the 181-bp region corresponding to exon 1 of NOC4 and are also similar for an additional 100 nt upstream of the ORF. This 100-nt region is little conserved in a comparison of the rodent genes with either the human or bovine gene. NOC4 genes in all the species examined appear to be expressed. We identified several mouse ESTs with high sequence identity to human NOC4, including one from an uninduced rat PC-12 cell line (GenBank H31096; Lee et al. 1995) .
The fact that NOC4 and COX4 are both highly expressed in pancreas, are expressed at moderate levels in heart, skeletal muscle, and human placenta, and are found at low levels in liver suggests that the regulation of these two genes is related. Previous studies of COX4 gene expression in rat (Virbasius and Scarpulla 1991) and mouse (Carter et al. 1992; Carter and Avadhani 1994) did not take into account the existence of a second functional gene in close proximity to COX4. Deletion analysis of the mouse COX4 promoter indicates that removal of an element between −600 and −142 increases COX4 expression twofold (Carter et al. 1992 ). This result is consistent with removal of a divergently transcribed gene that competes with COX4 for regulatory factors and/or transcription machinery. Deletion analysis of the rat COX4 promoter (Virbasius and Scarpulla 1991) showed that a small region (116 bp) of the COX4 gene containing tandem NRF-2 binding sites was sufficient to drive CAT expression from a basal promoter. It will be interesting to examine whether expression of the divergently transcribed NOC4 gene is similarly controlled by a small region or whether some of its controlling elements extend to within the COX4 gene itself.
Several other examples of bidirectional promoters are known in higher eukaryotes (Farnham et al. 1985; Lavia et al. 1987; Rizzo et al. 1990; Huang et al. 1990; Heikkila et al. 1993; Sun and Kitchingman 1994; Gaston and Fried 1994) . Many of these examples are found in CpG islands adjacent to "housekeeping" genes and lack consensus TATA elements. A number of the bidirectional promoters in higher eukaryotes belong to coordinately regulated genes for related gene products, such as those for human Wilms tumor 1 and 2 (Huang et al. 1990 ), human ␣1 (IV) and ␣2 (IV) collagen (Heikkila et al. 1993) , mouse Surf-3 (Rpl17a) and Surf-5 (Colombo et al. 1992) , mouse and human Surf-1 and Surf-2 (Gaston and Fried 1994), human histidyl-tRNA synthetase and HO3 (O'Hanlon et al. 1995) , and mitochondrial chaperonins 10 and 60 (Ryan et al. 1997) .
Many genes that share bidirectional promoters encode proteins of related function. Consequently, we determined whether NOC4, like COX4, encodes a mitochondrial protein. We found that NOC4 occurs in the nucleus, cytosol, and mitochondria (Fig. 7) . Examples of proteins encoded by one gene that target to more than one cellular compartment are known and have been termed sorting isozymes (Gillman et al. 1991; Martin and Hopper 1994) . CCA1 in Saccharomyces cerevisiae is present in mitochondria, the nucleus, and the cytoplasm (Wolfe et al. 1994 (Wolfe et al. , 1996 . Although involved in tRNA processing, the nuclear and cytoplasmic pools serve different cellular functions. Another example is the yeast MOD5 gene, which is also involved in tRNA processing (Boguta et al. 1994; Zoladek et al. 1995) .
The signals that mediate the targeting of sorting isozymes to various compartments have been elucidated in several cases. In the case of MOD5, two translation initiation sites are present (at aa 1 and 12); peptides starting at aa 1 target to mitochondria and cytosol, whereas those starting at aa 12 target to nuclei and cytosol. The region between 1 and 12, although having some features of mitochondrial targeting presequences, is not sufficient to direct a passenger protein to mitochondria without additional residues. Nuclear targeting of MOD5 requires a bipartite nuclear localization signal (NLS) located near the C-terminus (Tolerico et al. 1999) . NOC4 shows several parallels to MOD5: it contains two potential translation initiation sites, at aa 1 and 14, and the region between 1 and 14 contains features of a mitochondrial targeting presequence.
Most nuclear-encoded, mitochondrially targeted proteins, including COX IV, contain amino-terminal targeting sequences that form amphiphilic ␣-helices (von Heijne 1986). These targeting sequences have basic amino acids on one face and hydrophobic residues on the other. NOC4 shares some key features of mitochondrial proteins, notably a predicted amphiphilic helix for amino acids 6-23 containing five basic residues (Lys and His) and no acidic residues. However, other properties of established mito- chondrial import signals match weakly, mostly owing to low predicted values for hydrophobicity (0.11 vs. 4.5 or greater for most mitochondrial precursors), pI (9.75 vs. 12.78 for typical mitochondrially targeted proteins), and hydrophobic moment (0.27 vs. 5.0 or greater for most mitochondrial precursors). A similar case of weakly matching properties of mitochondrial import signals is seen for MOD5 (pI ‫ס‬ 10.28; Boguta et al. 1994) . Their results suggest that one mechanism utilized by a targeting isoform to distribute to several compartments is to have suboptimal localization signals for any one compartment.
Although the function of COX IV is not known, there is evidence that adenine nucleotides bind to COX IV and play a central role in regulation of COX activity (Arnold and Kadenbach 1997; Napiwotzki et al. 1997) . We have here shown that a gene apparently co-regulated with COX4 is present in both the nucleus and the cytosol, including mitochondria. Such a protein could serve a regulatory role via nucleus-mitochondria cross-talk. 
